The intensity of a noise-induced startle response can be reduced by the presentation of an otherwise neutral stimulus immediately before the noise ("prepulse inhibition" or PPI). We used a form of PPI to study the effects of damage to auditory cortex on the discrimination of speech sounds by rats. Subjects underwent control surgery or treatment of the auditory cortex with the vasoconstrictor endothelin-1. This treatment caused damage concentrated in primary auditory cortex (A1). Both before and after lesions, subjects were tested on 5 tasks, most presenting a pair of human speech sounds (consonant-vowel syllables) so that the capacity for discrimination would be evident in the extent of PPI. Group comparisons failed to reveal any consistent lesion effect. At the same time, the analysis of individual differences in performance by multiple regression suggests that some of the temporal processing required to discriminate speech sounds is concentrated anteroventrally in the right A1. These results also confirm that PPI can be adapted to studies of the brain mechanisms involved in the processing of speech and other complex sounds.
Introduction
The integrity of auditory cortex seems more important for the processing of human speech and other complex sounds than for responses to relatively simple stimuli [31, 36] . For example, lesions of auditory cortex in gerbils failed to affect the discrimination of pure tones but disrupted responding to frequency-modulated tones [36] . Likewise, similar lesions in rats disrupted the detection of sounds with rates of amplitude modulation that were relatively high but failed to affect responding to the sounds with the lowest modulation rates [7] . Such lesions also failed to affect the discrimination by rats of pure tones or synthetic vowels incorporating just one formant, but disrupted the discrimination of vowels including 2-4 formants [31] .
Though the involvement of auditory cortex in the processing of complex sounds seems widely accepted, it is less clear what specific parts of this cortex contribute to such processing. Some neurophysiological studies document the responsiveness of cells in primary auditory cortex (A1) to acoustic features of speech, suggesting an important role for this cortex in the processing of speech sounds [11] [12] [13] 46, 48, 49] . But similar studies comparing A1 and other parts of auditory cortex suggest more selective responses to complex stimuli in nonprimary areas [43, 51] . Further, some data suggest that these differences are not simple consequences of hierarchical processing. First, anatomical data show that some nonprimary areas receive direct thalamic inputs suggestive of parallel processing [32, 33, 42] . Second, consistent with these connections, the inactivation of A1 has been observed to abolish responses to pure tones in some nonprimary areas but not others [42] . Third, whereas some lesion studies suggest that large deficits in responsiveness to complex sounds require damage to A1 (e.g., [24] ), others suggest important and possibly independent roles for nonprimary areas. For example, Kudoh et al. [31] recently reported that lesions of A1 in rats did not disrupt the discrimination of 4-formant synthetic vowels whereas lesions dorsal or rostral to this area did.
We have begun to explore the mechanisms for the processing of complex sounds by describing the impact of cortical lesions on the discrimination of human speech sounds by rats. In the process, we have extended a promising method for testing discrimination, one that emphasizes reflexive responses and consequently avoids much of the time and effort of operant training.
In general, studies of "reflex modification" use changes in reflex responses to assess information processing. In one variant, stimuli ("prepulses") that regularly and immediately precede a loud noise decrease the size of the noise-induced startle response, an effect termed "prepulse inhibition" (PPI) [22] . Despite a variety of previous applications, PPI has been used infrequently to study stimulus discrimination, especially in nonhuman animals. A paradigm permitting this extension was developed by Clark et al. [6] , who exposed rats to prepulses consisting of tone pairs that ascended or descended in frequency. For each subject, one "standard" stimulus helped define the acoustic background: It was presented frequently, but rarely preceded a startle stimulus. The other stimulus, or "oddball," was designed to stand out from the background: It was presented infrequently, and always preceded a startle stimulus. Across a wide Physiology & Behavior xxx (2010) xxx-xxx range of conditions, startle responses were inhibited more by highly predictive prepulses than by less predictive ones.
These and other results (reviews in [15, 16] ; also see [17] ) suggest that PPI can be used both to study the discrimination of complex sounds and to test the modulation of such discrimination by factors including the integrity of auditory cortex. We have tested this inference by using PPI to monitor the performance of rats on tasks requiring the discrimination of human speech sounds. In recognition of results suggesting that some such discriminations are unaffected by A1 damage (e.g., [31] ), these tasks were designed to survey a variety of speech elements or dimensions. We expected that analyses of group or individual responses to lesions would reveal differences across speech elements, with A1 damage disrupting some discriminations and sparing others.
Materials and methods

Animals and test environment
In our study, complete behavioral data were collected from 16 female Sprague-Dawley rats averaging 297 g (SD = 24) at the time of surgery. Except during behavioral tests, each was housed individually in a wire-mesh cage with continuous access to food and water. The colony was maintained at constant temperature and humidity, and on a reversed 12:12 h light:dark cycle. Housing conditions and treatments were approved by the University of Texas Institutional Animal Care and Use Committee.
During testing, an animal occupied a 20 × 20 × 20 cm wire-mesh cage contained in a 67 × 67 × 67 cm chamber lined with 5 cm acoustic foam. The cage was centered on a startle platform (Lafayette Instrument Co.) that uses a piezoelectric transducer to generate a continuous record of activity in volts. Sounds generated using a realtime processor (RP2.1, Tucker-Davis Technologies) were delivered by a speaker (Optimus Bullet Horn Tweeter) mounted above and to one side of the cage, about 20 cm from its center. Stimuli were adjusted for the speaker's frequency response using a finite impulse response filter (MATLAB). Sound intensities were measured using an ACO Pacific microphone (PS9200-7016) placed near the center of the test cage.
Stimuli and startle responses
Startle responses were elicited by 50 ms bursts of white noise at 102.0 dB. The waveform of each response was sampled at 10 kHz using an RP2.1 and the peak-to-peak voltage generated by the startle platform within 500 ms of the noise was recorded using MATLAB. The peak-topeak change in voltage observed in the output of the startle platform shortly after presentation of the startle stimulus is taken to indicate the magnitude of the startle response and is the standard index of the extent of startle in studies of PPI (e.g., [22] ).
The stimuli included 6 speech sounds that served as prepulses. These were derived from monosyllabic words (consonant-[ae]-[d]) spoken by a female native English speaker. During recording, these were sampled at 10 μs with 16 bit resolution. They then were adjusted to a rat's hearing range by doubling all frequencies without changing the amplitude envelope [26] . To shorten prepulses and equate them for elements other than the initial consonant, all were truncated at 100 ms into the vowel. The intensity of the loudest 100 ms within each stimulus then was adjusted to approximate 64 dB. Within the pair of stimuli that defined a task, intensity differences averaged 1.9 dB (SD = 1.2).
The [21] , so that we cannot be positive how the discriminations here were achieved.
Standard behavioral test
Each behavioral test included 3 phases. In the detection task, the first phase consisted of 5 min of silence. In the other tasks, it involved 5 min of exposure at 1/s to a "frequent" or standard stimulus (the second of the speech sounds in each of the pairs defined previously). The goal here was to cause this stimulus to recede into the acoustic background.
The second phase introduced the other speech sound (the first in each pair) and the startle stimulus. Each of these was presented 10 times over 5 min, with each of the new speech sounds preceding a noise by a 5 ms interstimulus interval. Such pairings were spaced an average of 30 s (range= 15-45 s) apart. Since the standard stimulus continued to appear at 1/s throughout this phase, it seems reasonable to think of the newly introduced speech sound as a "rare" stimulus or oddball [6] . This phase was designed to highlight the predictive relationship between the oddball and startle stimulus. The interstimulus interval was selected on the basis of pilot testing and is shorter than has been reported to be optimal for PPI using simple sounds (e.g., [22] ). This disparity may relate to the fact that much of the information available to support discriminations here was concentrated prior to the vowel, and thus 105 ms or more prior to the startle stimulus.
Each session concluded with a 20 min "test phase" in which animals were exposed to a mixture of "cued" and "uncued" trials, each defined by the presentation of the startle stimulus 5 ms after a prepulse. Specifically, cued trials refer to those on which the rare or oddball stimulus served as the prepulse [6] . In contrast, uncued trials are those on which no stimulus (detection task) or the standard stimulus (discrimination tasks) preceded the startle stimulus. Each test included 10 blocks of 4 trials. Each block included 3 cued trials and 1 uncued trial. These were presented in random order, with successive trials spaced at intervals that averaged 30 s. Between trials, "unreinforced" presentations of the standard stimulus continued at 1/s. Accordingly, uncued trials are those on which there should be no prepulse that stands out from the background. Conversely, cued trials are those on which a prepulse should stand out, though only if the subject can distinguish the standard and oddball prepulses. When discrimination is possible, then, one would expect greater PPI on cued than uncued trials.
Preoperative testing
The 16 subjects were divided into 3 subsets of 5-6 that progressed through the study separately and on slightly different schedules. However, preliminary analyses showed that these procedural differences had no significant effect on performance, permitting the subsets to be combined. Most subjects experienced 1 day of preoperative (preop) training on the detection task, followed by 5 tests requiring the discrimination of 
Lesion surgery
Subjects were assigned to lesion and control groups (of 11 and 5, respectively) so as to roughly match those groups for preop behavior. Each lesion subject was anesthetized with sodium pentobarbital Fig. 1 . Sound spectrograms depicting frequency over time for the 6 speech sounds used as stimuli in this study. The 2 sounds that served as rare stimuli or oddballs, and that defined cued test trials, are described in the left column. The 4 that served as standard stimuli, and that defined uncued trials, are described in the middle column. The combinations that defined the 4 discrimination tasks are specified in the right column.
(50 mg/kg, i.p.), supplemented by a local anesthetic. Standard methods then were used to remove the skull and dura overlying the left auditory cortex. Over a period of 12.5-17.5 min, this tissue was exposed to 3-4 µl of a solution containing 0.6-0.8 µg of endothelin-1 (Bachem), a peptide that acts as a potent vasoconstrictor and can cause brain damage resembling that resulting from ischemic strokes [2, 18] . Following this treatment, the cortex was left undisturbed for 10 min before the skull fragment was replaced and the wound closed. These steps then were repeated on the right, so as to produce bilateral lesions. On the basis of research on the consequences of "sham" lesions [1] , control subjects had the skull overlying each auditory cortex exposed and cleaned but not penetrated.
Postoperative testing
Each subject was given at least 1 week of recovery before the start of postoperative (postop) testing that extended over 4 
Histological analysis
Once testing was complete, each subject was deeply anesthetized and perfused. Frozen 50 µm coronal sections through the region of interest were cut and stained with cresyl violet. From all sections for each animal, we selected those most closely matching a series of 6 reference sections spaced at 1 mm intervals in a widely used brain atlas for the rat [39] . These sections were digitized and merged with the reference sections, creating frontal lesion sketches such as presented in Fig. 2 . In addition, intersections of lesions with the cortical surface were used to "project" each lesion, and A1 as defined by the atlas, onto the cortical surface, as in Fig. 3A .
The next steps in the histological analysis were dictated by results suggesting that the relevant atlas does not accurately describe the location of physiologically-defined A1 in all rats (e.g., [10] ). To properly address this critical issue, the histological analysis was extended to include the electrophysiological mapping of A1 in 5 new subjects. In each, unit activity in the vicinity of A1 in the right hemisphere was recorded from 76 to 120 electrode penetrations (methods as in [13, 28] ). Responses were recorded during exposure to 81 pure tone frequencies at 16 intensities. The borders of A1 were then determined relative to vascular landmarks on the basis of continuous tonotopy (with optimal frequency increasing from posterior to anterior) and responses with relatively short latencies, low thresholds and narrow tuning curves. Once these borders were determined and marked, the brains were processed as previously described. This permitted physiologically-defined A1 in each new subject to be compared to the A1 boundaries from the atlas (Fig. 3B) , in the process suggesting substantial differences with the atlas borders. At the same time, the physiologically-defined boundaries seem to agree better with the A1 placements in other sources, including some older atlases [10, 38, 40, 55] . Finally, the individual A1 maps were averaged, yielding the oval shown in Fig. 3C . This served to operationally define A1 in analyses of the distribution of the lesions themselves and their behavioral consequences. Some of these analyses focused on the specific parts of A1 or the adjacent cortex that are defined by the grid that also appears in Fig. 3C . The extents of damage to specific cortical areas were measured in Photoshop and taken to be the number of pixels enclosed by a lesion on standardized sketches such as presented in Fig. 3 .
Behavioral analysis
The initial statistical assessment of behavior used analysis of variance (ANOVA) to compare average preop and postop levels of startle on the cued and uncued trials included in the final phase of testing in each task. Ratios of responding on cued and uncued trials (cued/uncued ratios) also were calculated for descriptive purposes and use in later analyses. The ANOVAs treated group (control and lesion) as a between-subjects factor and stimulus (standard and [39] ). The lesions represented by the dotted, dashed and solid lines are those closest to the first quartile, median, and third quartile, respectively, in the distribution of total lesion volumes. Shading identifies physiologically-defined Au1. The figure's restriction to righthemisphere lesions is designed to increase clarity and is based on results showing that none of these cortical areas was differentially damaged by lesions on the two sides. The abbreviations here follow those in [39] : Au1, primary auditory cortex; AuD, secondary auditory cortex, dorsal; AuV, secondary auditory cortex, ventral; PtA, parietal association cortex; S1, primary somatosensory cortex; TeA, temporal association cortex; V1B, primary visual cortex, binocular; V2L, secondary visual cortex, lateral area. Elsewhere in this paper, however, we use the more common abbreviation of A1 for primary auditory cortex. oddball) and surgical condition (preop and postop) as repeated factors. Effects with p ≤ .01 were considered to be reliable.
In addition to the group comparisons, we exploited the variability across lesions by using stepwise multiple linear regression to test the relation between patterns of brain damage and postop changes in behavior on each task. The independent variables here included group (a dichotomous variable) and the extents of damage (in pixels, as above) in each hemisphere and in each of 7 cortical areas defined by the average location of A1 and lines extending through its center along the anterior-posterior and dorsal-ventral axes (see Fig. 3C ; the area immediately anteroventral to A1 experienced insufficient damage for consideration). The dependent variables were the ratios of the average preop and postop ratios of responding on cued and uncued trials (individual ratios = cued/uncued levels of startle; ratio of ratios = average postop ratio/average preop ratio). By this definition, a ratio N1 suggests a postop decline in discrimination whereas a ratio b1 would suggest a postop improvement.
Results
Histology
In relation to physiologically-defined A1 in comparable animals, these lesions damaged an average of 55.3% (SEM = 6.2) of each A1 and 43.9% (SEM = 6.3) of A1 bilaterally (considering just the area of overlap across the hemispheres). As suggested by the results in Fig. 3C , this damage was concentrated dorsally within A1: On average, 76.7% (SEM = 5.6) of the dorsal (or medial) half of A1 was damaged, but only 33.4% (SEM = 8.6) of the ventral (or lateral) half. To a lesser extent, the damage also was concentrated posteriorly, with average extents of damage to the anterior and posterior halves of A1 of 48.6% and 61.9%, respectively (SEMs = 6.3 and 7.3). Further, these trends extended to the surrounding tissue, with incidental damage here being greatest dorsally and posteriorly, and less anteriorly and ventrally (Fig. 3C ).
Behavior
Average preop and postop levels of startle on each task are summarized in Fig. 4 . The corresponding ratios of responding on cued and uncued trials (cued/uncued ratios) are depicted in Fig. 5 . Group comparisons of behavior focused on the first of these and used ANOVAs treating group (control and lesion) as a between-subjects factor and stimulus (standard and oddball) and surgical condition (preop and postop) as repeated factors. These analyses failed to reveal any of the 3-way interactions required to document reliable lesion effects on discrimination (Figs. 4 and 5) . However, the analysis of each task revealed a highly reliable main effect of stimulus (F(1,14) ≥ 16.84, p ≤ .001), reflecting levels of startle on uncued trials that consistently exceeded those on cued trials, documenting successful discrimination of the speech sounds defining that task (Figs. 4 and 5, Table 1 ). In addition, there was a reliable effect of surgery on performance in the detection task (F(1,14) = 10.81, p = .005; Figs. 4 and 5 ). This reflects a significant drop in levels of startle postop. Its restriction to the first postop task suggests that it reflects habituation to the startle stimulus rather than a deficit due to the surgery.
Analyses of individual differences in damage and behavior used stepwise multiple linear regression and independent variables consisting of group and the extents of damage to each of 7 areas defined in each hemisphere by the average location of A1 and lines extending through its center along the anterior-posterior and dorsalventral axes ( Fig. 3C ; see above note regarding the sparing of 1 sector defined by this grid). The dependent variables in these analyses were the ratios of the average preop and postop ratios of responding on cued and uncued trials (as noted above, ratios above and below 1 suggest postop deficits and improvements in discrimination, respectively). These analyses revealed a reliable direct relation between postop changes in the discrimination of [bae] and [pae] and the extent of damage to the anteroventral quadrant of A1 in the right hemisphere (R 2 = 0.45, ß = 0.67, F(1,14) = 11.56, p = .004; see Fig. 6 for lesions of the animals at the middle and extremes of the [39] . In panel A, the representative lesions described in Fig. 1 are projected onto the cortical surface, using thin, intermediate and thick lines to depict lesions increasing in total volume. Dashed lines depict the cortical projection of A1, as this area is defined in [39] . Panel B compares A1 as described in [39] (dashed lines) with the boundaries determined in the 5 animals in which this area was mapped electrophysiologically as part of this study (solid lines). In panel C, the lesions from panel A are superimposed on the average location and extent of physiologically-defined A1 (oval). The grid overlaying A1 was used in some analyses to define areas of damage within and immediately adjacent to A1.
distribution of postop changes in the quality of [bae]/[pae] discrimination). This correlation suggests that damage to this area disrupts the discrimination of these specific speech sounds. Further support for the specificity of the effect is provided by the fact that a regression excluding the anteroventral quadrant of A1 on the right failed to reveal any other reliable predictor of postop performance.
Discussion
These results suggest that damage to the anteroventral quadrant of A1 in the right hemisphere can disrupt speech-sound discrimination in rats. The restriction of this effect to the discrimination of [bae] and
[pae] suggests that the damage in question disrupted the processing of voice onset time (VOT; corresponding to the low-frequency "voice bar" that occupies most of the first 15 ms of [bae] in Fig. 1 ) without significantly affecting responsiveness to other speech elements. and lesion (filled symbols connected by solid lines) subjects observed before (Preop) and after (Postop) lesion surgery on cued (square symbols) and uncued (circular symbols) trials. Performance on the detection task is described in panel A and that in each of the 4 discrimination tasks is described in panels B-E, as indicated. Note that the scale in panel A differs from that in the remaining panels, reflecting the generally higher levels of startle observed on uncued trials in the detection task. Because these stimuli were natural speech sounds and could differ in multiple ways, we cannot be certain that a change in responsiveness to VOT fully accounts for the lesion effect [21] . However, only one of four discriminations was affected and this was the only one expected to depend primarily or only on VOT. Further, it seems unlikely that incidental differences across stimuli would be unique to any specific pair.
The ability of lesions to affect the discrimination of speech elements selectively is consistent with evidence suggesting that the mechanisms processing these elements are distributed differently within the auditory cortex [35] . Recording evidence from a variety of species including rats confirms that cells in A1 are responsive to VOT [11, 13, 34, [48] [49] [50] . Similar but less extensive evidence suggests the responsiveness of A1 cells to other speech cues including the duration of aspiration noise [13, 48] , the onset spectra of stop consonants [13, 49] , and the frequency profiles and changes that distinguish vowels [41] .
To our knowledge, lesions have not been used to directly test the necessity of cortical activity for the processing of VOT. However, several studies have examined how damage to the auditory cortex affects the detection of gaps in an otherwise continuous sound, a response that resembles that to VOT on its face and that responds to some forms of auditory trauma as does VOT [52] . Lesions concentrated in A1 severely disrupt or eliminate the capacity for gap detection in rats and ferrets [4, 27] . In contrast, the same lesions have lesser or no effects on responses to other stimuli (e.g., noise pulses) that may tap the mechanisms that underlie some other forms of temporal processing [4, 5] .
These results suggest that processing in A1 may be required for the processing of VOT but not for that of other, possibly simpler, temporal cues. Further, even cues that depend on A1 may rely on processing at different points within this area. Electrophysiological data from monkeys suggest that cells responsive to VOT and the duration of aspiration noise are concentrated anteroventrally and posterodorsally, respectively, in A1 [48] . In rats, recent work suggests a tendency for the cells with the shortest onset latencies to be concentrated anteroventrally in A1 and dorsally in the ventral auditory field [40] . Together, these results suggest that the cells best prepared to support discriminations on the basis of VOT are concentrated in or near the anteroventral quadrant of A1, consistent with the present results.
Aside from the suggestion of a lesion effect on the processing of VOT, the most notable outcome of the present study may be the resistance of other discriminations to lesion-induced change. Of course, this must be interpreted very cautiously, since manipulations can fail to affect endpoints for many reasons. An especially salient limiting factor in the present case may be the partial sparing of A1 by most of our lesions, which could be invoked to help explain the scarcity of reliable lesion effects. Even so, the literature suggests that the impact of this limitation varies across tasks.
Of our other tasks, one was a detection task, requiring no discrimination of a specific temporal or spectral feature. The sparing of performance on this task is consistent with previous work showing that the detection of noise pulses or offsets is unaffected by lesions concentrated in A1 [4] , and even by much more extensive cortical deactivation [23] .
Another of the tasks spared by our lesions was designed to highlight a temporal cue other than VOT, the different durations of the initial noise burst that distinguish [Pae] and [uae] . On the basis of previous work, one might expect the processing involved in this discrimination to involve cells in the high-frequency, posterodorsal, segment of A1 [48] . Though this is an area that was damaged in some of our animals, the absence of a lesion effect suggests that these lesions were not optimal in extent or placement, that the difference across stimuli in noise duration was somehow inappropriate, or that some other cue was available to support continued discrimination.
The other tasks included in our study were designed to require spectral discriminations. Past work on such cues has concentrated on FM tones (tone pairs or sweeps changing in frequency) or vowels.
Recording studies suggest the responsiveness of A1 cells to some spectral cues. For example, Steinschneider et al. [49] report the presence in A1 of cells responsive to place of articulation, in turn suggesting responsiveness to onset spectra. Further, a study of cats by Qin et al. [41] suggests the presence in A1 of cells that respond differentially to vowels.
Lesion studies have examined the impact of damage to auditory cortex on responding to FM tones or vowels. Much of this work has focused on the extent to which spectral processing is affected by large lesions of auditory cortex. Such lesions can reduce responsiveness to spectral cues, though their impact seems to depend on other variables, including species, task, and the duration or complexity of the stimuli [3, 8, 31, 37] . Such variability in lesion effects extends to studies of how more specific parts of auditory cortex contribute to vowel discrimination. Early studies suggest that performance is disrupted by A1 damage in nonhuman primates but not cats [8, 9] . But the most recent and relevant study seems to be that of vowel discrimination in rats by Kudoh et al. [31] . These results suggest that vowel discrimination is disrupted by lesions anterior or dorsal to A1, but not by damage to A1 itself. These studies raise the possibility that our lesions spared too much of the auditory cortex anterior and dorsal to A1 for any significant impact on responding in the two tasks most likely to depend on spectral processing.
In addition to suggesting impacts of task and lesion site within auditory cortex, our results raise the possibility of a hemispheric asymmetry in the processing of speech sounds by rats. In particular, they suggest that performance on discriminations emphasizing VOT is disrupted only by damage to the auditory cortex of the right hemisphere. This direction of lateralization obviously differs from that suggested by many previous studies of how people process temporal speech elements (e.g., [20] ). Even in people, however, the standard pattern of lateralization seems subject to modulation by other variables [20] . In rodents, there is little evidence to dispute the conventional view (e.g., [34] ) that the mechanisms for speech processing in nonhuman animals are bilaterally symmetric. Further, the little evidence there is for asymmetry in these mechanisms is inconsistent. Fitch et al. [14] found that male rats discriminated FM tones better when the stimuli were presented to the right ear, and thus presumably processed primarily within the left hemisphere. Though female rats in the same study showed no consistent ear advantage, Geissler and Ehret [19] reported an asymmetry favoring the left in the levels of activity in some auditory fields of female mice exposed to models of ultrasonic vocalizations by mouse pups. In contrast, the female rats studied by Rybalko et al. [45] showed an asymmetry in the opposite direction, experiencing a greater disruption of FM-tone discrimination after lesions of the auditory cortex on the right.
Collectively, these results suggest that the role of auditory cortex in the processing of complex sounds could depend on several variables, including task, hemisphere and gender. Much the same issue has been raised in recent analyses of possible sex differences in the lateralization of mechanisms for language in people. A popular view is that the extent of language lateralization is greater in men than women (reviews in [25, 47] ). However, this view has been questioned by some recent meta-analyses of neural imaging results [47] . Though this challenge has been disputed, even the results offered in support of a sex difference in asymmetry seem to suggest that it is task specific [25, 29] .
How this particular controversy is resolved may have little bearing on the extent and way in which the mechanisms for the processing of speech and other complex sounds are distributed across the hemispheres in nonhuman animals. Nevertheless, both of the relevant literatures (from humans and nonhumans) agree in suggesting a need for caution in generalizing from the results of any study limited to subjects of one sex. Though our results do suggest hemispheric differences in the processing of VOT by female rats, they cannot tell us if male rats would show a pattern of results that is diminished, increased or altogether different from that reported here.
In addition to making some novel suggestions about how speech sounds are processed by auditory cortex, the present results make several more basic points. First, they confirm that rats can distinguish human speech sounds [13, 44, 53, 54] . Second, they illustrate how effectively PPI can be used to study such processing (also see [6, 17] and reviews in [15, 16] ). In several respects, the results achieved here resemble those from studies using other methods. For instance, the levels of performance described in Table 1 resemble those on operant tasks in the greater difficulty that rats have distinguishing fricatives as opposed to stop consonants [13] . Relative levels of performance here also closely match those predicted by the neural responses to similar stimuli, which themselves correlate highly with operant results [13] . At the same time, operant methods require many days of training to reveal discriminations that often emerge during an initial 30-min test using PPI [16, 17] .
Third, these data support the sensitivity of PPI to lesion effects on auditory processing. This reinforces previous work by Fitch and colleagues (reviews in [15, 16] ) and by Bowen et al. [4] . The first group has made extensive and effective use of a form of PPI similar to that used here, focusing on deficits in auditory processing due to neonatal treatments thought to disrupt cortical development, eventually compromising parts of the cortex and the auditory thalamus [6] . These lesions did not affect gap detection but did disrupt some frequency discriminations, specifically when stimuli were brief and incorporated rapid frequency changes. Bowen et al. [4] used a simpler form of PPI to test the effects of damage that was sustained in adulthood and more specific to auditory cortex. They found that such lesions disrupted PPI by noise increments and gaps, but not by noise offsets or pulses. Our results extend these previous observations by illustrating the use of PPI to study brain mechanisms for the discrimination of even more complex stimuli, including human speech sounds. Though lesion studies of such processing clearly can be conducted using other methods (e.g., [3, 8, 9, 13, 31] ), PPI seems to offer significant practical advantages in speed and ease.
Finally, our results add to evidence suggesting a need to revise current models of PPI. These models place little emphasis on the processing of acoustic prepulses by the auditory cortex (e.g., [30] ). But much of the evidence leading to these models reflects the use of relatively simple stimuli as prepulses and forms of PPI emphasizing stimulus detection rather than discrimination. Our results reinforce those of Bowen et al. [4] in suggesting that PPI models should be revised so as to acknowledge the possible importance of cortical processing, at least when the task or stimuli are relatively complex.
